We identified and biochemically characterized a novel surface-localized autolysin from Listeria monocytogenes serotype 4b, an 86-kDa protein consisting of 774 amino acids and known from our previous studies as the target (designated IspC) of the humoral immune response to listerial infection. Recombinant IspC, expressed in Escherichia coli, was purified and used to raise specific rabbit polyclonal antibodies for protein characterization. The native IspC was detected in all growth phases at a relatively stable low level during a 22-h in vitro culture, although its gene was transiently transcribed only in the early exponential growth phase. This and our previous findings suggest that IspC is upregulated in vivo during infection. The protein was unevenly distributed in clusters on the cell surface, as shown by immunofluorescence and immunogold electron microscopy. Listeria monocytogenes is a gram-positive, facultatively anaerobic, intracellular bacterium that causes a severe food-borne disease (listeriosis) with clinical symptoms including septicemia, meningitis, and abortion, mainly in immunocompromised individuals, neonates, the elderly, and pregnant women (52). The disease leads to a significant mortality rate of 20 to 30% (7, 18, 35, 46, 52) . Although 13 serotypes of Listeria are recognized, serotypes 4b, 1/2a, and 1/2b of L. monocytogenes are responsible for almost all human cases of listeriosis (13, 34, 53) , with serotype 4b strains accounting for almost all major outbreaks and a large portion of sporadic cases, suggesting that this serotype possesses a virulence potential highly specific to humans (15, 26).
Listeria monocytogenes is a gram-positive, facultatively anaerobic, intracellular bacterium that causes a severe food-borne disease (listeriosis) with clinical symptoms including septicemia, meningitis, and abortion, mainly in immunocompromised individuals, neonates, the elderly, and pregnant women (52) . The disease leads to a significant mortality rate of 20 to 30% (7, 18, 35, 46, 52) . Although 13 serotypes of Listeria are recognized, serotypes 4b, 1/2a, and 1/2b of L. monocytogenes are responsible for almost all human cases of listeriosis (13, 34, 53) , with serotype 4b strains accounting for almost all major outbreaks and a large portion of sporadic cases, suggesting that this serotype possesses a virulence potential highly specific to humans (15, 26) .
Entry into host cells (professional or nonprofessional phagocytes) by L. monocytogenes followed by the spread of the bacterium into adjacent cells is a complex process in which a number of protein factors are involved (8, 15 ; reviewed in reference 52). Internalization of the bacterium by induced phatocytosis is mediated by the interactions of the specific cell receptors with at least two internalins, InlA and InlB (6, 14, 16, 37) . Escape from the primary phagosome to the cytosol requires the lysis of the membrane by the pore-forming toxin listeriolysin O and a phosphatidylinositol-specific phospholipase C, PlcA (17) . The bacterial surface protein ActA recruits host cell actin molecules and actin-binding proteins to form a comet-like actin polymer tail which promotes the bacterial intra-and intercellular movement (41) . Listeriolysin O and a phosphocholine-specific phospholipase C with a broad range of substrate specificity, PlcB, mediate the disruption of a double-membrane phagosome in a newly infected cell (50) . Other factors that contribute to the bacterial virulence have been demonstrated, including several autolysins (9, 22, 23, 27, 29, 38, 54) , p60, Ami, NamA, and Auto.
Our group has been interested in immunogenic surface proteins (Isp) of L. monocytogenes, which are less characterized and understood. Study of such proteins may provide new insights into the mechanism of Listeria pathogenesis, virulence, and immunity. Recently, we performed a differential immunoscreening of an L. monocytogenes serotype 4b genomic expression library to identify genes coding for proteins that reacted with serum antibodies (R␣L) from rabbits infected with live L. monocytogenes serotype 4b but not with antibodies (R␣K) from animals immunized with heat-killed bacteria (56; W. L. Yu, H. Dan, and M. Lin, submitted for publication). That study led to the identification of eight L. monocytogenes proteins as targets of humoral immune response to listerial infection: three internalins (InlA, InlD, and InlC2) and five novel proteins of unknown function (designated IspA, IspB, IspC, IspD, and IspE). Proteins highly homologous to some of these novel proteins have not been characterized for Listeria. Demonstration of humoral immune responses to these proteins found only in actively infected rabbits and not in animals receiving heat-killed L. monocytogenes suggests that they are induced or significantly upregulated only in vivo during infection and thus are likely important in Listeria pathogenesis. In fact, InlA is a known virulence factor (16) . Among these novel proteins of unknown function, IspC is a putative peptidoglycan hydrolase that is likely surface localized, as predicted from its deduced amino acid sequence (56; Yu et al., submitted; H. Dan and M. Lin, unpublished data). This protein contains 774 amino acids with a deduced molecular mass of 86 kDa and a theoretical pI of 9.4. Sequence characteristics of IspC include (i) a predicted 29-amino-acid N-terminal signal peptide; (ii) an N-terminal region (amino acids [aa] 58 to 197) sharing significant homology (35% identity) to the muramidase domain in the C-terminal region (aa 151 to 316) of the flagellar protein FlgJ of Salmonella enterica serovar Typhimurium (40) ; and (iii) a putative C-terminal cell wall binding domain (aa 198 to 754) made up of seven GW modules of 81 to 82 amino acids each containing a glycine-tryptophan dipeptide, which is similarly found in the C-terminal region of L. monocytogenes InlB (5), Ami (38) , and Auto (9) . The previous findings have prompted us to further investigate the expression of IspC in in vitro growth, its localization, and the functionality of its predicted domains, as reported in this study. The experimental results showed that the immunogenic protein IspC is a cell surface protein with autolytic (peptidoglycan hydrolase) activity and cell wall binding activity attributed, respectively, to its N-and C-terminal regions. These properties of IspC, together with current evidence supporting its upregulation in vivo during infection, suggest that it may play a role in bacterial pathogenesis, as was similarly found with other Listeria autolysins such as Ami (38) and Auto (9) .
MATERIALS AND METHODS
Bacterial strains and growth conditions. L. monocytogenes LI0521 (serotype 4b) and four Escherichia coli strains [DH5␣, BL21(DE3), BL21(DE3)/pLysS, and ATCC 25922] were used in this study. L. monocytogenes was cultured in LuriaBertani (LB) broth containing 50 mM MOPS (morpholinepropanesulfonic acid) (pH 7.5) (LBMOPS) at 37°C, and E. coli ATCC 25922 was grown in LB broth as described previously (31) . For molecular cloning experiments, transformants of E. coli strains [DH5␣, BL21(DE3), and BL21(DE3)/pLysS] were grown on LB agar or in LB broth supplemented as required with kanamycin (30 g/ml in broth and 50 g/ml in agar medium) or with kanamycin (as above) plus chloramphenicol (20 g/ml in broth and 34 g/ml in agar medium). Bacterial growth and cell number were determined by measuring the optical density at 590 nm (OD 590 ) for E. coli and the OD 620 for L. monocytogenes (31) .
Generation of expression constructs. All DNA manipulations were essentially performed according to established procedures (45) . L. monocytogenes serotype 4b genomic DNA was prepared from 40 ml of overnight culture by using a GenomicPrep cells and tissue isolation kit (Amersham Biosciences, Baie d'Urfe, Quebec, Canada) as per the manufacturer's instructions. The ispC open reading frame was amplified from the serotype 4b genomic DNA by PCR with the primers listed in Table 1 and Platinum Pfx DNA polymerase (Invitrogen, Carlsbad, CA) and then was cloned into pET30a (Novagen, Madison, Wis.), which had been precut with NdeI and XhoI and blunt ended with Klenow fragment. The resultant construct was designated pIspC. The constructs pEAD1, pEAD2, and pEAD3, coding (Fig. 1a) 1a) fused to the C terminus of GFPuv, were generated using a two-step PCR strategy (30) . The CBD and GFPuv coding sequences were first derived from pIspC and pGFPuv (Clontech, Palo Alto, CA), respectively, and then pieced together by PCR with gene-specific primers (Table 1 ). The fused DNA fragments and the GFPuv coding sequence derived from pGFPuv by PCR with the primers P455 and P456 (Table 1) were blunt-end cloned into the NdeI and XhoI sites of pET30a to produce the fusion constructs and pETGFPuv.
Recombinant constructs were propagated in E. coli DH5␣. The presence of correct inserts in the plasmid vector was verified by colony PCR as described previously (Yu et al., submitted) with a gene specific primer (Table 1 ) and the T7 terminator primer (5Ј-GCTAGTTATTGCTCAGCGG-3Ј) followed by DNA sequencing. All recombinant polypeptides, which contain a C-terminal six-histidine tag, were produced in E. coli BL21(DE3)/pLysS (IspC and EADs) or BL21(DE3) (GFPuv-CBD fusions and GFPuv).
Recombinant protein expression and purification. Overnight cultures of E. coli BL21(DE3) or BL21(DE3)/pLysS harboring one of the above-described expression constructs were diluted 1:100 into 2 to 4 liters of LB broth and subcultured at 37°C until the cell growth reached an OD 590 of 0.6 Ϯ 0.1. For IspC and EADs, IPTG (isopropyl-␤-D-thiogalactopyranoside) (1 mM) was added to induce expression at 37°C for 3 h. For induced expression of GFPuv-CBD fusions after addition of 1 mM IPTG, the culture was incubated at room temperature for 4 h and then at 4°C overnight. The cells were harvested by centrifugation at 16,900 ϫ g at 4°C for 10 min and frozen at Ϫ80°C until use.
For protein purification, the cell pellets were resuspended in phosphate-buffered saline (PBS) (pH 7.2) containing 1 mM phenylmethylsulfonyl fluoride and lysed by passage through a French press at 1500 lb/in 2 . The homogenates were spun at 27,000 ϫ g at 4°C to collect the soluble form of the recombinant proteins. The proteins were applied under the native conditions at 1 ml/min to a column (1 by 1.5 cm) of Ni-nitrilotriacetic acid superflow (QIAGEN, Santa Clarita, CA), washed, and eluted using the following modifications to the manufacturer's procedure: binding and washing buffer: 50 mM NaH 2 PO 4 , 300 mM NaCl, 20 mM imidazole, pH 8.0; elution buffer: 25 mM NaH 2 PO 4 , 250 mM imidazole, pH 8.0. Protein concentrations were determined by using the Bradford method (4) with bovine serum albumin as a standard.
Production of polyclonal anti-IspC antibody. After collection of preimmune sera, two New Zealand female rabbits at the age of 2 to 3 months were immunized intramuscularly with the purified IspC (ϳ100 g) emulsified with an equal volume of complete Freund's adjuvant on day 0. Booster injections with the same immunogen (ϳ50 g per rabbit) emulsified in incomplete Freund's adjuvant were subcutaneously administered on days 14 and 28. Two weeks after the final injection, both animals were sacrificed to obtain a maximal volume of blood through cardiac puncture. Following removal of the clotted blood cells by centrifugation, anti-IspC immune sera (designated R␣IspC) were collected and stored at Ϫ20°C until use.
SDS-PAGE and Western blotting. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed as described by Laemmli (28) , using a 4% stacking gel and a 12% resolving gel in a Bio-Rad minigel apparatus (Bio-Rad, Mississauga, Ontario, Canada). Following electrophoresis, the separated proteins were either stained with Coomassie blue or electrotransferred onto a nitrocellulose membrane by using a Trans-Blot SD semidry transfer cell (Bio-Rad, Mississauga, Ontario, Canada) according to the manufacturer's instructions. The Western blot procedure for analysis of the target proteins with specific primary antibodies followed by horseradish peroxidase-conjugated goat anti-mouse or -rabbit immunoglobulin G (IgG) (Jackson ImmunoResearch Laboratories, West Grove, Pa.) was performed essentially as described previously (31) .
TCA precipitation of proteins. Proteins were recovered by trichloroacetic acid (TCA) precipitation from the culture supernatant of L. monocytogenes grown overnight in LBMOPS broth for analysis of the presence of IspC. To each 1.2 ml of the chilled supernatant, bovine serum albumin (20 g, heat treated at 100°C for 5 min) and ice-cold TCA (250 l, 100% [wt/vol]) were added, and the supernatant was incubated on ice for 4 h. The precipitated proteins from 4.8 ml of the culture supernatant were collected by centrifugation at room temperature at 14,100 ϫg for 10 min, washed with ice-cold acetone (500 l), and air dried. The protein pellets were dissolved in 60 l of 2ϫ SDS-PAGE sample buffer and subjected to Western blot analysis, with probing with R␣IspC.
Renaturing SDS-PAGE analysis. Full-length IspC or its putative catalytic domains were analyzed for the peptidoglycan hydrolase activity by using a renaturing SDS-PAGE procedure modified from that described by Potvin et al. (44) . Briefly, the purified proteins were electrophoretically separated on 12% SDSpolyacrylamide gels containing one of the following autoclaved, lyophilized bacteria: 0.2% (wt/vol) Micrococcus lysodeikticus ATCC 4698 (Sigma Chemical Co.,
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St. Louis, MO), 0.2% (wt/vol) E. coli ATCC 25922, or 0.1% (wt/vol) L. monocytogenes serotype 4b. Following electrophoresis, gels were rinsed with deionized H 2 O and incubated in a renaturing buffer at room temperature for 16 to 48 h with gentle shaking. For routine analysis, IspC was renatured in gels with 25 mM Tris-HCl (pH 7.5) containing 1% (vol/vol) Triton X-100. To determine the pH optimum for the hydrolytic activities of IspC or its EADs, various renaturing buffers (50 mM sodium citrate-citric acid buffer, 1% Triton X-100, pH 3 to 6; 10 mM Tris-HCl, 1% Triton X-100, pH 7.5 to 9.0; and 50 mM glycine-NaOH buffer, 1% Triton X-100, pH 10) were used. After renaturing, the gels were rinsed with deionized H 2 O, stained with 0.1% (wt/vol) methylene blue (Fisher Scientific, Ottawa, Ontario, Canada) in 0.01% (wt/vol) KOH for 1 h at room temperature with gentle shaking, and destained with deionized H 2 O. The appearance of clear bands on a blue background gel indicates hydrolytic activity. Detection of IspC expression in cultured L. monocytogenes. Expression of ispC in L. monocytogenes was analyzed during in vitro growth over a 22-h time course, at the transcriptional level by reverse transcription-PCR (RT-PCR) and at translational level by Western blotting. An overnight culture of L. monocytogenes was subcultured at a dilution of 1:100 in 2 liters of LBMOPS at 37°C. Bacterial samples (total RNA extraction, 4 ml; total cell protein preparation, a volume containing cells equivalent to 50 ml of culture with an OD 620 of 0.5) were harvested by centrifugation at different time points of the growth curve (i.e., different OD 620 values) and stored at Ϫ80°C until use. Total RNA was isolated from each frozen sample by using a RNeasy minikit (QIAGEN) according to the supplier's protocol for the isolation of total RNA from bacteria. Prior to RT-PCR, RNA samples were treated with RQ1 RNase-free DNase (Promega, Madison, WI) as per the manufacturer's instructions. cDNA, synthesized from ϳ100 ng RNA by reverse transcription with random hexamers and a ThermoScript RT-PCR system (Invitrogen), was used for PCR detection of the ispC transcript in each sample with gene-specific primers P285 and P304 (Table 1) . DNase-treated RNA before the RT step was analyzed by PCR as a control to ensure that there was no genomic DNA contamination. The level of 16S rRNA in each RNA sample, as determined by RT-PCR with primers P394 and P395 (Table 1) , was used as an internal control. For 
a F, forward primer; R, reverse primer. b Additional nucleotides have been included at the 5Ј ends of several primers to generate GFPuv fusions by overlap PCR (underlined nucleotides) or to ensure in-frame cloning (boldface and underlined nucleotides) into the NdeI and XhoI sites of pET30a.
c Numbers refer to the sequence position of the ispC ORF (Yu et al., submitted), whose first nucleotide is numbered 1. Numbers in parentheses refer to the sequence position of the GFPuv ORF (GenBank accession no. U62636), whose first nucleotide is numbered 1.
Western blot analysis of IspC, frozen cells of each sample were resuspended in 1 ml of extraction buffer (62.5 mM Tris-HCl [pH 6.8], 2% SDS, 1 mM phenylmethylsulfonyl fluoride), sonicated 10 times on ice for 30 s each with 1-min intervals, mixed with an equal volume of 2ϫ SDS-PAGE sample buffer, and boiled for 10 min. After removal of cell debris by centrifugation, the supernatant was analyzed by Western blotting, with probing with R␣IspC.
Immunofluorescence and immunogold electron microscopy. Localization of IspC in L. monocytogenes was undertaken with immunofluorescence and immunogold labeling electron microscopy essentially as described previously (31) . Live bacterial cells from the early exponential growth phase were probed with R␣IspC at a 1:500 dilution, followed by interaction with fluorescein isothiocyanate-conjugated goat anti-rabbit IgG (ICN Biomedicals, Costa Mesa, CA) at a 1:500 dilution for fluorescence microscopy on a Leica DMRXA digital microscope (Leica Microsystems, Richmond Hill, Ontario, Canada) or with 12-nm colloidal gold-conjugated goat anti-rabbit IgG (Jackson ImmunoResearch Laboratories) at 1:30 dilution for electron microscopy on a Hitachi H-7000 transmission electron microscope. Rabbit preimmune serum was used at the same dilution as a negative control.
Cell wall binding domain analysis. Binding of GFPuv-CBDs to the cell wall (surface) of L. monocytogenes was investigated by using a modification of the method of Loessner et al. (33) . Briefly, live bacteria (6 ϫ 10 8 cells) were harvested from the late exponential growth phase by centrifugation, washed twice with PBS (pH 8.0) containing 0.01% Tween 20 (PBS-T), and resuspended in 1 ml PBS-T. Purified GFPuv-CBD fusion proteins were normalized by measurement of fluorescence at 512 nm with excitation at 396 nm on a LS50B luminescence spectrometer (PerkinElmer, Montreal, Quebec, Canada), using purified GFPuv as a standard. GFPuv-CBD fusions and GFPuv (control), each at an equal molar concentration (0.564 nM), were added into 100 l of the above-described cell suspension, incubated for 5 min at room temperature, washed three times with PBS-T, and resuspended in 250 l of PBS. Fluorescence images of bacterial cells complexed with GFPuv-CBD fusions were viewed and captured as described above. (Fig. 1b) that was recognized by anti-His monoclonal antibody (MAb) (QIAGEN) and had migrated to a position close to the calculated IspC molecular mass of 86 kDa. The recombinant protein rIspC was purified to near electrophoretic homogeneity (Fig. 2, lane CB) and used to successfully raise polyclonal antibodies against the protein in rabbits (R␣IspC), which were required for this and future studies for protein characterization. The purified IspC reacted only with rabbit antiserum R␣L (Fig. 1c) and not with rabbit antiserum R␣K (Fig. 1d) . This immunological property is consistent with the recent identification of ispC as one of several genes coding for proteins reactive exclusively to R␣L by differential immunoscreening of a L. monocytogenes serotype 4b genomic expression library (Yu et al., submitted) .
RESULTS

Expression
Peptidoglycan hydrolase activity of IspC. IspC was assessed for its peptidoglycan hydrolysis activity by renaturing SDS-PAGE analysis of the purified rIspC, using cell wall substrates from several bacteria. Hydrolysis of M. lysodeikticus ATCC 4698, E. coli ATCC 25922, or L. monocytogenes serotype 4b present in the renaturing gel resulted in clear bands corresponding to the position to which IspC had migrated on SDS-PAGE and Western blotting (Fig. 2) . The recombinant IspC is capable of hydrolyzing not only the cell walls of the grampositive bacterium M. lysodeikticus and the gram-negative bacterium E. coli but also that of the IspC-producing strain of L. monocytogenes serotype 4b. These results indicate that IspC is an autolysin.
Expression of IspC in in vitro-cultured L. monocytogenes. The reaction of IspC with R␣L but not with R␣K, as demonstrated previously (Yu et al., submitted) and here, suggested that IspC either was not expressed or was expressed at a low level during in vitro growth. In order to differentiate these possibilities, the expression of ispC was monitored at both the transcriptional and translational levels over a 22-h growth period (Fig. 3) . RT-PCR revealed that the ispC gene was transiently transcribed in the early exponential growth phase (Fig.  3b) . Surprisingly, the authentic IspC protein, similar in molecular mass to rIspC, was detected on Western blots probed with R␣IspC in all growth phases (Fig. 3e) . Although the IspC protein exhibited a relatively stable level during the 22-h growth period, it appeared to reach a peak level at 4.6 h, in good agreement with that of the transcript (Fig. 3b) . The absence of the ispC transcript after the mid-exponential growth phase indicated that the protein was not actively expressed in later growth phases and that the protein detected in these growth phases most likely represented the undegraded protein synthesized earlier. 
FIG. 2. Analysis of the peptidoglycan hydrolase activity of IspC by
renaturing SDS-PAGE. The purified recombinant IspC (1.5 g) was resolved on 12% gels containing 0.2% (wt/vol) autoclaved M. lysodeikticus ATCC 4698 (ML), 0.2% (wt/vol) autoclaved E. coli ATCC 25922 (EC), and 0.1% (wt/vol) autoclaved L. monocytogenes serotype 4b (LM) or on gels containing no bacteria (CB and WB). Hydrolysis of the peptidoglycan substrates occurred in 25 mM Tris-HCl (pH 7.5) containing 1% Triton X-100. ML, EC, and LM, peptidoglycan hydrolase activity staining; CB, Coomassie blue staining; WB, Western blot probed with anti-His MAb. The hydrolyase activity bands corresponding to the IspC protein band are indicated by an arrow.
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Localization of the IspC protein.
The immunogenicity and sequence characteristics of IspC suggested that IspC was surface localized. To demonstrate this experimentally, live L. monocytogenes was probed with the R␣IspC antiserum, followed by immunofluorescence staining. IspC was detected by immunofluorescence microscopy, distributed unevenly in clusters on the cell surface (Fig. 4a) . Preimmune serum showed no fluorescence staining on the cell surface (Fig. 4c) , indicating the specific binding of R␣IspC to the protein. These results were further confirmed by immunogold labeling of the bacterial cells with R␣IspC ( Fig. 5a ) but not with preimmune serum (Fig. 5b) . In addition, Western blot analysis of total TCAprecipitated proteins from the culture supernatant failed to detect any protein bands with R␣IspC (data not shown). Collectively, these data indicate that IspC is localized exclusively on the bacterial surface.
Cell wall binding domain analysis. Four C-terminal fragments, CBD1 (aa 198 to 774), CBD2 (aa 234 to 774), CBD3 (aa 249 to 774), and CBD4 (aa 264 to 774), were produced in fusion with the green fluorescent protein variant GFPuv (Fig.  1a) to define the cell wall binding domain responsible for anchoring IspC to the surface. The C-terminal region (aa 198 to 774) was targeted for fusion protein constructions because it contains several GW modules, which are similarly found in the cell wall binding domains of other L. monocytogenes proteins, such as InlB and Ami. All four GFPuv fusions evenly bound to the cell surface of L. monocytogenes serotype 4b as revealed by fluorescence microscopy (Fig. 6) . However, the four hybrid proteins were different in binding affinity for the cell surface. Under the same assay conditions, only the fluorescence emitted from GFPuv-CBD1 bound to the cell surface was detected with an exposure time of as short as 0.5 s. Binding of CBD2 and CBD3 to the surface was detected at a longer exposure time (1.5 s). Detection of CBD4 binding required an extended exposure time of 3.5 s. A longer exposure time required for detection indicates a smaller number of fusion proteins on the surface. Binding of the CBDs to the bacterial surface is specific, as the interaction of the purified GFPuv with the cell surface was not detected at an exposure time of 3.5 s.
Effect of pH on the peptidoglycan hydrolase activity of IspC. The effect of pH on the IspC hydrolase activity was investigated at various pHs of from 3 to 10 by renaturing SDS-PAGE analysis (Fig. 7) . IspC is capable of hydrolyzing peptidoglycan at a wide range of pHs from 3 to 9, with a broad pH optimum from 7.5 to 9.0. Very weak activity was detected at pH 10. Interestingly, IspC exhibited a second pH optimum at around 4.0, with less hydrolytic activity than that at the alkaline pH optimum. Enzyme catalytic domain analysis. To define the catalytic domain of IspC, the 197-amino-acid N-terminal region encompassing a sequence (aa 58 to 197) highly homologous to the catalytic domain of the muramidase FlgJ from S. enterica serovar Typhimurium (40) was targeted for deletion analysis. Three deletion constructs were generated to synthesize recombinant EAD1 (aa 58 to 197), EAD2 (aa 58 to 263), and EAD3 (aa 1 to 197) for renaturing SDS-PAGE analysis of their hydrolytic activities over a broad pH range of from 3 to 10 ( Fig.  8) . At pH 7.5, where the full-length IspC showed its strong hydrolytic activity (Fig. 7) , EAD3 did not appear to hydrolyze the substrate efficiently (Fig. 8, pH 7.5, lane 3) , although the IPTG-induced EAD3 expression in E. coli led to cell lysis (i.e., a decrease in optical density and formation of fibrous materials), thus suggesting that it possesses peptidoglycan hydrolase activity. Cell lysis was similarly observed during induced expression of the full-length IspC. In contrast to the full-length IspC, EAD3 showed activity at acidic pHs but not at alkaline pHs, with a pH optimum of between 4 and 6. A double activity band was unexpectedly observed with EAD3, with strong activity associated with the smaller fragment, which is most likely to be the degraded product of EAD3. In contrast, neither EAD1 nor EAD2 exhibited hydrolytic activity over the broad range of pHs tested.
DISCUSSION
This study has demonstrated that an L. monocytogenes immunogenic protein of unknown function, IspC, identified previously by differential immunoscreening of an expression library of L. monocytogenes serotype 4b genomic DNA (Yu et al., submitted), is a novel surface-localized autolysin comprising an N-terminal enzyme catalytic domain and a C-terminal cell wall binding domain. Demonstration of antibodies to IspC in the antiserum R␣L from rabbits infected with live L. monocytogenes but not in the antiserum R␣K from rabbits receiving heat-killed bacteria in a previous study (Yu et al., submitted) and the present investigation suggested that IspC is induced or significantly upregulated in vivo during infection and thus is likely important in Listeria pathogenesis. The data from RT-PCR analysis of the ispC transcript and Western blot analysis of the encoded protein under the in vitro culture conditions revealed that the ispC gene was in fact expressed in vitro but only in the early exponential growth phase in a transient fashion. A relatively constant low level of the IspC protein observed in the stationary growth phase may indicate that the protein was quite stable and less susceptible to proteolytic degradation. This provides further evidence to support the proposal that IspC is significantly induced in vivo during infection and may thus play a role in virulence.
The combined results from both immunofluorescence microscopy and immunogold transmission electron microscopy showed that IspC is unevenly localized in clusters on the cell surface, in contrast to (i) the ring distribution of the Staphylococcus aureus autolysin Atl on the cell surface at the septal region, which is proposed to be required for efficient partitioning of daughter cells after cell division (55) , and (ii) the polar position of the Streptococcus pneumoniae peptidoglycan hydro- (1, 5, 24, 39) . Decoration of the L. monocytogenes surface with GFPuv-tagged CBDs showed that a CBD with all seven GW modules (i.e., CBD1) binds much more strongly than one with the first GW module partially or nearly completely deleted (i.e., CBD4). This suggests that the sequence integrity within a GW module is crucial for cell wall binding function. Related findings were obtained with L. monocytogenes InlB, for which the strength of cell wall binding is influenced by the number of GW modules (5, 24, 25) . InlB with three GW modules was found in both cell surface-associated and released forms (25) . Deletion or addition of GW modules resulted in a complete dissociation of an InlB variant bearing only one GW module and a complete retention of one containing eight GW modules (5, 24) . In in vitro-or in vivo-grown L. monocytogenes, IspC with seven GW modules would be expected to be bound tightly on the surface. This notion is supported by two lines of experimental evidence reported here: (i) GFPuv-tagged CBD1 (with seven GW modules) binds strongly to the surface compared to CDB4 (with ca. six GW modules), and (ii) (48) . The catalytic domain of IspC was further experimentally defined in the N-terminal region (aa 1 to 197) with IspC deletion variants. Hydrolase activity analysis of these variants by using renaturing gels revealed that the sequence N terminal but not that C terminal to the putative catalytic domain (aa 58 to 197) was required for a hydrolytic function. Autolysins are ubiquitous among bacteria that can cleave covalent bonds in peptidoglycan substrates of their own cell walls (48) and thus can be potentially lethal. Regulation of antolysin activity would be expected to be important for the survival of bacteria, even though regulatory mechanisms are not known. Because of the extracellular nature of IspC and other known autolysins such as L. monocytogenes Ami (38) , at least the microenvironmental factors such as the pH surrounding and within the cell walls are expected to contribute a great deal to regulate bacteriolytic activity of autolysins. Although IspC exhibited its hydrolytic activity in a wide range of pH, the enzyme functions much more efficiently at alkaline pHs than at acidic pHs, with an optimum pH of 7.5 to 9. In comparison, SKl, an N-acetylmuramoyl L-alanine amidase from Streptococcus mitis SK137, shows an optimum activity at pH 6.5 (32) . That these optimum pH values ranged from near neutral to alkaline suggests that autolysins such as IspC should show limited enzymatic activity and thus avoid a potential lethal bacteriolytic effect on bacteria when exposed to a relatively low pH at several stages during infection, including the acidic environments of stomach and phagosome and low pH in acidified foods such as dairy products. The cell walls of Bacillus subtilis were demonstrated to be protonated during growth, suggesting that a relatively low-pH environment in the cell walls may provide one means of regulating autolysins during growth (10) . In contrast to the full-length protein IspC, its N-terminal catalytic domain (i.e., EAD3) functions optimally at acidic pHs of from 4 to 6. The covalent linkage to EAD3 of the C-terminal cell wall binding domain (i.e., CBD1) with a predicted alkaline pI of 9.6 has resulted in a dramatic shift in the pH optimum to neutral to alkaline. This suggests that the IspC cell wall binding domain may be of importance in modulating the activity of the N-terminal enzyme domain. The importance of the C-terminal GW repeats for the autolytic function of an enzyme has been described for Atl in S. aureus (2) and Aas in Staphylococcus saprophyticus (21) . Similarly, targeting of IspC to the cell wall through its C-terminal region containing GW modules may be necessary for the autolytic function. The separate N-terminal catalytic domain of IspC, however, exhibited hydrolytic activity in renaturing gels in the absence of the cell wall binding domain. It is likely that the IspC enzyme domain was retained in gels in close contact with the embedded bacterial cell walls, mimicking the cell wall targeting of the entire protein. GW modules in L. monocytogenes Ami and InlB have been shown to be directly involved in pathogenesis through binding to the host cell components (36, 38) . Further study will be needed to determine whether the cell wall binding domain of IspC containing seven GW modules is involved in mediating binding to host cells.
The present study has resulted in addition of a novel peptidoglycan hydrolase, IspC, to the list of L. monocytogenes autolysins identified earlier, i.e., p60, p45, Ami, MurA, and Auto (42) . In L. monocytogenes, murein-hydrolyzing activity of the flagellin FlaA was demonstrated (43) , but its autolytic activity remained unknown. Bacterial autolysins are implicated in a number of cellular processes, including cell wall turnover, cell division, cell separation, chemotaxis, biofilm formation, genetic competence, protein secretion, antibiotic-induced lysis, sporulation, and formation of flagella (47, 49) , and in pathogenesis (3, 11, 19, 20, 38, 51) . Although further studies are required to elucidate the biological functions of the autolysin IspC and its role in virulence, it may be expected that IspC is involved in at least some of the cellular processes described for bacterial autolysins. Given that two L. monocytogenes autolysins, Ami and Auto, that are similar in structural organization to IspC play a role in pathogenesis (9, 38) , it is suggested that the immunogenic autolysin IspC may contribute to bacterial virulence.
